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1. Introduction
Resistive Plate Chambers (RPCs) [1] are detec-
tors for ionizing particles presently used in many
di!erent experiments performed both with cosmic
rays and at accelerators. They will play an impor-
tant role for the generation of the "rst level muon
trigger in the future experiments CMS and ATLAS
at the Large Hadron Collider (LHC).
In these experiments, RPCs will be requested to
withstand a large background of neutrons and c-
rays, producing an e!ective (i.e. taking into account
RPC sensitivity) hit rate up to &300 Hz/cm2 [2].
It is well known that RPCs operated in streamer
mode (the way they were originally conceived to
work), are unable to handle such high values of
*Corresponding author. Tel.: 39-80-5442431; fax: 39-80-
5442470.
E-mail address: Marcello.abbrescia@ba.infn.it (M. Abbrescia)
incident #ux without a global performance degra-
dation (increased ine$ciency and power consump-
tion, worse time resolution). The way to overcome
these problems lies in operating RPCs in avalanche
mode, using lower electric "elds and transferring
part of the needed ampli"cation from the gas to
front-end electronics [3,4].
Since the introduction of this operation mode,
a great e!ort has been made to "nd out the best
conditions concerning gas mixtures, electronics,
and detector design parameters (gap width, elec-
trode material, etc.). Despite the huge amount of
experimental data collected in various conditions,
the understanding of the basic principles of opera-
tion of this kind of detector is poor, and a compre-
hensive theoretical model able to explain and
predict the e!ects of changes of structural para-
meters on chamber performance is still lacking.
In this paper a Monte Carlo simulation of the
avalanche growth and pulse development in RPCs,
together with the electronic signal processing, is
0168-9002/99/$ - see front matter ( 1999 Published by Elsevier Science B.V. All rights reserved.
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Fig. 1. Signal generation in RPCs.
presented. This model, based on the Townsend
theory of avalanches, represents a "rst attempt to
reproduce the major physical processes taking
place in an RPC, and to compute the detector
performances, i.e. e$ciency, time resolution and
charge spectra. This paper is structured as follows:
Section 2 explains brie#y the model used in the
simulation; in Section 3 a detailed study of charge
spectra and e$ciency, for single gap RPCs, is pre-
sented; in Section 4 a similar study is done for
double and multi-gap RPCs; Section 5 is devoted to
draw some conclusions.
On purpose the comparison between the simula-
tion and the experimental results plays, here, a sec-
ondary role. This comparison, in fact, has already
been the object of a previous paper [5], where, even
if the program used in that occasion was a simpli"-
ed version of the one available presently, a good
agreement between predictions and real data has
been shown. Moreover, the examination of the tim-
ing performance of RPCs, which is a very basic
issue, is not contemplated here because it will be the
subject of a forthcoming paper.
2. The model
First, the program considers an ionizing particle
which crosses the RPC gas gap generating n
#-
pri-
mary ion}electron clusters. The probability P
#-
that
k clusters are generated in the gap is given by:
P
#-
(n
#-
"k)"(gj%&&)k
k!
e~gj%&& (1)
where j
%&&
" j
cos/
, j is the primary cluster density
(i.e. the number of primary ion}electron clusters
generated by the ionizing particle per unit length),
/ the azimuthal angle of the incident particle
(04/(p/2), and g the gap width. The cluster
electrons drift toward the anode and, if the electric
"eld is intense enough, they start avalanching. The
probability distribution Pj
1
(x) of the initial position
xj
0
of the jth cluster (the "rst cluster is the closest to
the cathode) is given by Poisson statistics:
Pj
1
(xj
0
"x)" j%&&
( j!1)! (xj%&&)j~1 e~xj
%&&, 0(x(g.
(2)
Assuming exponential avalanche development, the
total charge q at position x is
q(x)"n
#-645
+
j/1
q
%
nj
0
M
j
eg(x~xj0) (3)
where nj
0
is the number of primary electrons of the
jth cluster, g the "rst e!ective Townsend coe$cient
(i.e. the Townsend coe$cient a minus the attach-
ment coe$cient b), and q
%
the electron charge (see
Fig. 1).
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The factor M
j
accounts for the stochastic #uctu-
ations of the exponential growth. In a simpli"ed
model [6], valid for low values of the reduced
electric "eld E/p (p gas pressure), the probability
that n electrons are produced after a path length
l"g!x
0
is given by Furry’s law:
P
F
(n
!7
"n)" 1
N
expA!
n
NB (4)
where N"n
0
eg(g~x0). Otherwise, for high values of
E/p (for what ‘high valuesa means, see the detailed
discussion in Ref. [6]; however, this is the case of
standard operating conditions for RPCs), a Polya
distribution must be used:
P
P
(n
!7
"n)"C
n
N
(1#h)D
h
expC!
n
N
(1#h)D (5)
where the value h"0.5 has been chosen [6].
To obtain the factor M in formula (3) a number
is taken randomly from Eq. (5) (which has,
like formula (3), N as average value) and divided
by N.
After simulating the drifting avalanches, the pro-
gram computes the current i
*/$
induced on the
external pick-up electrodes (strip or pads) by the
motion of the same avalanches. This is done by
means of the Ramo theorem [7], usually expressed
with the help of the concept of ‘weighting "elda.
The read-out electrode has to be put at a ‘weight-
ing potentiala<
8
"1, while the others at 0. In these
conditions the weighting "eld E
8
(relative to the
weighting potential <
8
) is computed; note that
E
8
has the dimensions of an inverse of a length,
while <
8
is a pure number. For an RPC E
8
has
a simple expression, being approximately uniform
in the gap for pads or strips having dimensions
much greater than the gap width. Here, in "rst
approximation, the tail e!ects on E
8
between two
adjacent strips have been neglected.
If the bakelite electrode thickness and permitti-
vity are taken into account (the bakelite can be
considered as a perfect dielectric, since the ava-
lanche development has a duration (100 ns, neg-
ligible with respect to the material time constant
oe& few ms, where o and e are the bakelite resisti-
vity and dielectric permittivity) the weighting po-
tential drop *<
8
"E
8
g in a gap is given by
*<
8
" erg
n
’
e
3
g#(n
’
#1)d (6)
where d is the electrode plate thickness, n
’
the
number of gaps in the detector (in the case of strips
placed on one side of the whole RPC), and e
3
the
bakelite relative dielectric permittivity. The same
result can also be obtained using the generalised
Ramo theorem [8], as also shown in Ref. [9].
The current i
*/$
(t) induced by a drifting charge on
the external pick-up electrodes, as a function of
time (for one cluster) is
i
*/$
(t)"!Mq(t)*
$
)E
8
(7)
where *
$
is the electron drift velocity in the gas
mixture considered. In explicit form (and consider-
ing all clusters):
i
*/$
(t)"!*
$
)E
8
q
%
egv$*t
n#-
+
j/1
nj
0
M
j
. (8)
Here *t is the time elapsed from the passage of the
ionizing particle in the gap, i.e. from the generation
of the primary clusters (which are assumed to be
created at the same moment). Formula (8) is useful
since, from the simulated current i
*/$
(t), the whole
information coming out from an RPC can be
reproduced. The simulated signals can drive
simulated pre-ampli"ers, discriminators, TDCs,
ADCs, etc. For instance, in the case of charge
sensitive ampli"ers, the output voltage (to the
discriminators) is simply:
v
065
"P
1Pi*/$(t) dt (9)
where P
1
is the ampli"er charge sensitivity, ex-
pressed, for instance, in mV/fC.
If the charge is growing exponentially, then the
charge q
*/$
induced on pick-up electrodes can be
computed by direct integration of Eq. (8) and is
given by
q
*/$
"q%
gg
*<
8
n#-
+
j/1
nj
0
M
j
[eg(g~xj0)!1]. (10)
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3. Charge spectra and e7ciency of single gap RPCs
Simulated spectra of the induced charge q
*/$
for
single gap RPCs are shown in Figs. 2 and 3, for
three di!erent values of g. The primary ionization
density has been chosen to be j" 5.5 mm~1 (typi-
cal of many mixtures currently employed in RPCs),
and will be the same throughout this paper, unless
otherwise speci"ed. Two cases are considered:
a typical ‘narrowa gap (g"2 mm, Fig. 2) and a
‘widea gap (g"9 mm, Fig. 3) RPC. An increase in
the value of g has the e!ect of increasing the aver-
age induced charge, as expected from Eq. (10); for
instance, in the narrow gap case, Sq
*/$
T changes
from 0.12 pC for g"8 mm~1 to 2.45 pC for g"10
mm~1. The corresponding values for g"9 mm
are Sq
*/$
T"0.22 pC for g"1.5 mm~1 and
Sq
*/$
T"2.80 pC for g"2 mm~1.
The two set of distributions di!er signi"cantly: in
the narrow gap case the curves tend to diverge for
q
*/$
P0, while in the wide gap case they tend to
vanish. In other words, even if the average induced
charge is roughly the same (compare, for instance,
the plots corresponding to g"10 mm~1 and g"2
mm~1 for the 2 and 9 mm RPCs, respectively), the
number of events characterized by small charge is
always greater in narrow than in wide gap RPCs;
there is also an excess of events in the right tail of
the distribution, counterbalanced by less events in
the central part (with respect to the 9 mm). The fact
that wide gap curves vanish near the origin is al-
most independent of the value of g; this e!ect, in
fact, is still visible, though barely, also in the distri-
bution corresponding to g"9 mm and g"1.5
mm~1 of Fig. 3.
Some hints about the basic features of RPCs
charge spectra can be obtained by means of analyti-
cal calculations, reported in detail in the Appendix.
It can be demonstrated that, under some approxi-
mations, the distribution of the charge induced
by the "rst cluster (the closest to the cathode,
and therefore the one giving rise to most of q
*/$
), is
given by
P
q
(q
*/$
"q)"Aqjg~1 (11)
where A is an appropriate renormalization con-
stant. This expression states that the charge distri-
Fig. 2. Simulated spectra of induced charge, for a 2 mm single
gap RPC, at di!erent g values; in the small box an enlargement
of the region near the origin is reported.
Fig. 3. Simulated spectra of induced charge, for a 9 mm single
gap RPC, at di!erent g values; in the small box an enlargement
of the region near the origin is reported.
bution depends only on the j/g ratio. The three
cases of interest are:
1.
j
g
(1; in this case the resulting distribution is
strictly decreasing, and diverges for qP0: this is
the typical situation of a narrow gap RPC.
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2.
j
g
"1; in this particular case P
q
(q)"const.
3.
j
g
’1; in this case the resulting distribution is
strictly increasing, and starts from 0 for q"0:
this is typical of a wide gap RPC where, thanks
to the large value of gap width g, g can be set
conveniently low.
These facts have deep implications for the correct
operation of single gap RPCs, in particular from
the point of view of the maximum achievable e$-
ciency. In fact, situation (i) is the worst, since both
the front-end threshold and the noise level in the
chamber have to be drastically reduced. Of course,
the events characterized by a charge lower than the
experimental threshold (given by electronics or,
more likely, by the noise in the chamber) will not be
revealed. Therefore a hole will be observed in the
region between 0 pC and the threshold, and events
with such a low charge will account for the cham-
ber ine$ciency. This would suggest to use wide gap
RPCs, but the e$ciency gain is counter-balanced
by the loss in the timing performance of the cham-
ber; this item, however, as already pointed out, is
not treated here and will be the subject of a forth-
coming paper.
The fact that the ratio j/g determines the shape
of the charge distribution is not surprising: the two
processes active in competition in the gap are clus-
ter generation (ruled by e~jx, for the "rst cluster),
and avalanche multiplication (ruled by eg(g~x)).
A larger width of active gas is present in wide gaps,
and this leads to higher e!ective e$ciency. For
instance, in a 2 mm gap, for a given threshold, the
useful gas length to produce a visible signal is,
roughly, 1.8 mm (depending on g), so that only 200
lm (or much less if g is small) are available to start
one ionization process. In wide gaps the useful gas
length is a bit larger, since, though operating at
smaller g, there are still a few mm left to produce
ionizations.
Two main pieces of information can be extracted
from RPC charge distributions. The "rst is the
fraction of events with clusters characterized by an
‘avalanche gaina G
!7
greater than a given value;
G
!7
is de"ned as the ratio between the actual charge
q
j
(g) arriving at the anode and the charge of pri-
mary electrons in the cluster Gj
!7
"qj (g)
q
%
nj
0
. If the gain
of at least one avalanche exceeds e20&4.85]108,
than this event is referred to as a ‘streamera. Even if
streamer formation is very complex and depends
also on the gas mixture, the number of these events
can give a rough estimate of streamer probability,
useful mainly to make relative comparisons. An
absolute comparison with the experimental data
should take into account the fact that streamer
formation is strongly a!ected by the space charge
in the detector, whose simulation requires more
detailed calculations.
The second information is e$ciency; this, in the
case of charge sensitive front-end ampli"ers, can be
computed as
e(q
5)3
)"1!P
q5)3
0
P
q
(q
*/$
) dq
*/$
(12)
i.e. by counting the fraction of events characterized
by a charge greater than a certain electronic thre-
shold q
5)3
; in this paper, q
5)3
has been "xed to 80 fC,
which means that front-end electronics should be
sensitive to charges greater than 40 fC (only one
half of the induced charge reaches the electronics,
due to the strip termination on both sides). 40 fC is
typical of the present detector layout, and is set,
mainly, by pick-up noise.
The e$ciency and streamer fraction, computed
in the two cases g"2 and g"9 mm as outlined
above, are reported as a function of g in Fig. 4. The
9 mm RPC curves are markedly steeper than the
2 mm ones, i.e. the transition from low to high
e$ciency or streamer probability takes place more
suddenly. This is due to the fact that avalanche
processes depend, roughly, on the ‘chamber gain
factora G
#)
"gg; when g is large, a small absolute
variation in g means a large change in G
#)
. Once
"xed the detector e$ciency, wide gap RPCs are
characterized by a much lower streamer probabil-
ity with respect to narrow gap RPCs. This is evi-
dent from Fig. 4, where the width of the operating
plateau, i.e. the region where the e$ciency is reas-
onably high (’90%), and the streamer probability
is low ( 10%), can also be inferred. For the 2 mm
this region practically does not exist, while for the
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Fig. 4. E$ciency and streamer fraction in single 2 and 9 mm gap RPCs, versus the "rst e!ective Townsend coe$cient.
9 mm it is about *g"0.6 mm~1 wide; the operat-
ing plateau, in this approximation, increases as the
gap increases. There is another equivalent way to
see the same e!ect; at 90% e$ciency, the streamer
contamination in a 1 mm gap is about 75 %, which
decreases to &20% and to &0.1% for 2 and
3 mm, respectively. The streamer fraction for gap
widths greater than 4 mm is negligible even at
e"95%.
Obviously, streamer events are localised toward
the right tail of charge spectra; in Fig. 5 the charge
distribution corresponding to g"2 mm and g"
10 mm~1, with the streamer events evidenced, is
shown again. The fact that not all the events char-
acterized by q
*/$
’2.7 pC are streamers, is due to
the di!erent number of electrons contained in the
primary clusters.
3.1. Variations in the primary ionization density
In addition to g and g, another important para-
meter, namely, the gas mixture composition, a!ects
RPC operation. Di!erent gas mixtures are, in gen-
eral, characterized by di!erent values of the pri-
mary ionization density; this, in turn, is closely
related to the charge spectra shape. j, for the gas
mixtures usually employed, is generally contained
between 2 and 8 mm~1. Lower values of j cannot
be used because they would give rise to high intrin-
sic ine$ciency, due to a lack of primary pairs (this
ine$ciency is just given by e~jg). Higher values are
not common for the gas usually employed in RPCs
Fig. 5. Simulated induced charge spectra, for a single 2 mm
RPC, with streamer events evidenced.
or similar detectors. In the following, three items
will be examined: the e!ect of changes in the value
of j on charge spectra, on streamer probability, and
the e!ect of di!erent angles for incident particles on
the chamber.
Simulated q
*/$
spectra for a single gap 3 mm
RPC are reported in Fig. 6; here j varies from 4 to
8 mm~1, while g" 6 mm~1. Since the charge
distribution depends, roughly, on the ratio j/g, and
in this case j/g passes from a value smaller to
a value greater than 1, the di!erent shapes of charge
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Fig. 6. Charge spectra of a 3 mm single gap RPC, for di!erent
values of the primary ionization density.
Fig. 7. Streamer probability, as a function of the primary ioniz-
ation density, for di!erent values of the gap width.
spectra, already evidenced before, are present. Since
the number of primary clusters increases linearly
with j so the induced charge does, and therefore
Sq
*/$
T passes from 0.71 pC (j"4 mm~1) to 1.44
pC (j" 8 mm~1). The corresponding streamer
probability changes from 0.20% to only 0.35%,
respectively. In fact, gas mixtures characterized by
high j allow an operation mode less contaminated
by streamers.
In Fig. 7 the streamer fraction is reported as
a function of j for di!erent values of the gap width;
the curves are obtained at constant detector e$-
ciency (95%). In the 2 mm case, an increase of
j from 4 to 7 mm~1 decreases the streamer prob-
ability from about 85 to 25%; similar behaviours
are present for the other values of the gap width.
This e!ect has been already experimentally veri"ed
by comparing the performance of RPCs "lled with
Ar/isobutane or Freon based gas mixtures [10].
A change in the incidence angle of an ionizing
particle has, in "rst approximation, the same e!ect
of a change in the value of j, according to the rule
j
%&&
"j/cos/. When /O0, the number of primary
clusters generated is greater than in the case of
perpendicular tracks, and this has the e!ect of
increasing the average value of q
*/$
. Moreover, as
already pointed out, the charge distribution is more
‘detacheda from the origin (since g is constant and
j
%&&
is increasing), which allows to reach full e$ciency,
both in avalanche and streamer mode, at lower
operating voltages. The e$ciency and streamer
probability curves, for a single gap 3 mm RPC, in
the case of particles crossing the chamber perpen-
dicularly or with angles /"450 and /"600 are
reported in Fig. 8. If, on the same chamber, par-
ticles with di!erent crossing angles are impinging,
the overall e!ect is to slightly narrow the operating
plateau. This is due to the fact that the detector has
to be fully e$cient for particles crossing the RPCs
perpendicularly, and generating less primary clus-
ters; thus the left margin of the operating plateau in
Fig. 8 is determined by the e$ciency curve for
/"00. The streamer probability, on the contrary,
is mainly due to events with a large crossing angle
and more primary clusters; the right margin of the
operating plateau, therefore, is determined by the
streamer probability curve for /"600. In Fig. 8
the operating plateau is reduced from *g"0.45 to
0.31mm~1.
3.2. Variations in the model of statistical yuctuations
Finally, it is interesting to study the e!ect of
avalanche #uctuations on the shape of charge
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Fig. 8. E$ciency and streamer probability in single 3 mm gap
RPCs, for incidence angles /"03, /"453 and /"603.
spectra. These #uctuations are just statistical in
origin and are not related to a change in the num-
ber of primaries, their position, or to the cluster
size; they are closely connected to the stochastic
nature of avalanche multiplication (see, for a de-
tailed description, Ref. [6]). Di!erent models, based
on slightly di!erent theoretical considerations, may
be employed for these #uctuations. The charge
spectrum in the ideal case of no statistical #uctu-
ations, for a 2 mm single gap RPC at g"9 mm~1,
is reported in Fig. 9; in addition, charge spectra
obtained in the approximation used in this paper
(Polya-type #uctuations applied separately on each
avalanche), and the approximation used by other
authors [11] (exponential #uctuations on the sum
of all avalanches) are reported in the same "gure.
One of the e!ects of avalanche #uctuation is to
move the charge spectra toward the y-axis (leaving
constant the average charge Sq
*/$
T), giving rise to
an increased chamber ine$ciency. This is much
more marked in the case of exponential #uctu-
ations with respect to Polya, due to the shape of the
two weighting functions used. In this case the
ine$ciency, in fact, changes from 22.3% (no #uctu-
ations), to 26.9% and 36.4% (Polya-type and
exponential #uctuations, respectively). The avail-
Fig. 9. Induced charge spectra for di!erent types of statistic
avalanche #uctuations.
able experimental results do not allow to discrimi-
nate between these two options, since, in the region
close to the y-axis, measures of q
*/$
are greatly
a!ected by the noise in the chambers, and due to
the uncertainty about the value of g at a given
operating voltage. However, the fact that experi-
mental single gap RPC e$ciency reaches almost
100% without high streamer contamination, might
suggest that the right model could be the Polya-
type; this is also favoured by theoretical consider-
ations.
4. Charge spectra and e7ciency for double and
multi-gap RPCs
Simple layouts of single, double and multi-gap
RPCs are shown in Fig. 10. In single and multi-
gaps the strips are on one side of the whole detector
while the ground plate is on the other side. In
a double gap the strips are in the middle of the two
gaps, and the ground plates on the external sides. In
this way the sum of the signals coming from the two
gaps is obtained on the strips placed in between.
This has deep implications on the signal read-out
by pick-up strips. From Fig. 10, where the read-out
strips are evidenced, and from the discussion
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Fig. 12. Simulated charge spectra for 2 mm single, double and multi-gap RPCs, at g"9 mm~1.
Fig. 10. Simple layouts of single, double and multi-gap RPCs,
for the Ramo theorem.
reported in Section 2 (Eq. (6)), it can be deduced
that in a single gap the weighting voltage drop is
*<
8
&1. In a double gap, *<
8
&1 per gap, while
in a multi-gap (with three gaps) *<
8
&1/3
Fig. 11. Ratio between total induced charge and drifting charge
per gap in single, double and multigap RPCs.
per gap. This means that, once "xed the charge per
gap which is drifting inside the detector, the charge
per gap induced on the external pick-up strips is
about a factor 3 lower in the multi-gap case, with
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Fig. 13. E$ciency versus electronic threshold for single, double and multi gap 2 and 3 mm RPCs.
respect to single and double gaps. Note that there is
a di!erence between the double gap model usually
employed (and shown in Fig. 10) and a multi-gap
with just two gaps; a factor of 2 in the induced
charge derives from this small con"guration di!er-
ence.
There is a simple way to look at the e!ects of this
phenomenon. Consider an RPC where, for in-
stance, a charge q
$3*&5
"1 pC is drifting in each gap.
The ratio between q
*/$
(the total charge induced by
all the gaps) and q
$3*&5
, which is directly related to
the factor *<
8
computed in Section 2, is reported in
Fig. 11, for di!erent detector con"gurations and
versus the gap width. In a single 2 mm gap RPC,
with bakelite electrodes 2 mm thick, q*/$
q$3*&5
&0.7, in
a double gap q*/$
q$3*&5
&1.4, in a multi-gap (of 3 gaps)
about q*/$
q$3*&5
&0.8. In Fig. 11 also the ideal case of
a multi-gap with an in"nite number of gaps is
reported (i.e. the lim
n’?=
*<
8
); an increase in the
number of gaps beyond 3 has practically no e!ect
on the induced charge that can be read-out on the
external electrodes.
The conclusion that can be drawn is that, appar-
ently, either a higher electronic threshold can be
used in the double gap case (with respect to single
and multi-gap), or the same threshold can be used
and the double gap RPCs can be operated with
a drifting charge about a factor 2 smaller. Obvious-
ly, lower drifting charge per gap q
$3*&5
means, for
instance, higher rate capability.
However, there is another e!ect which takes
place going from single to double and multi-gaps,
Fig. 14. E$ciency and streamer probability for single, double
and multi 2 mm gap RPCs.
which compensates the disadvantage of a lower
*<
8
for multi-gap. The point is that, again, the
charge spectra shape changes. This is just a statist-
ical e!ect, due to the fact that double and multi-gap
spectra are the convolutions of two or more single
gap spectra. The comparison among the q
*/$
charge
distributions for four types of RPCs is reported in
Fig. 12: RPCs made of 2 mm gaps, in single, double
and in the multi-gap (3 or 6 gaps) con"gurations; in
the four cases g"9 mm~1. The small correlations,
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Fig. 15. Average induced charge for single, double and multi-gap 2 and 3 mm RPCs.
if any, that can arise from leaving, in multi-gaps, the
central electrodes #oating, are, here, neglected.
Single gap spectrum exhibits a monotonically
decreasing shape; the double and the multi-gap,
a sort of ‘Landaua shape, with a well de"ned peak
detached from the origin and a long tail toward the
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right. Even if the multi-gap spectrum Sq
*/$
T is
roughly half than that of the double gap, the distri-
bution is more detached from the origin, and this
e!ect is more and more evident as the number of
gaps increases.
As already pointed out, the achievable e$ciency
depends strongly on the charge spectrum behav-
iour near the origin. The e$ciency, versus the value
of the electronic threshold q
5)3
, for 2 and 3 mm
single, double and multi-gap RPCs (g has been
"xed to typical operation values, i.e. 9 and 6 mm~1,
respectively) is reported in Fig. 13. The region of
interest is typically between 0 and 200 fC
(corresponding, in the case of strip read-out, to 100
fC to the charge pre-ampli"ers), where the perfor-
mance of double and multi-gaps is essentially the
same, while single gap RPCs seem to be disadvan-
taged.
The great improvement achieved when passing
from a single gap to a double or multi-gap con"g-
uration lies in the fact that, even with small gap
widths (43 mm) it is possible to operate a fully
e$cient detector with a very low streamer contami-
nation. E$ciency (for q
5)3
"80 fC) and streamer
fraction versus g are shown in Fig. 14, again for the
four cases already considered. Pairs of curves (e$-
ciency and streamer fraction for the di!erent con-
"gurations) are roughly parallel to each other;
however the slopes of these curves increase as the
number of gaps increases. The overall e!ect is to
widen the chamber operating plateau. Again, the
behaviour of double and multi-gap RPCs is essen-
tially the same, and an increase in the number of
gaps from 3 to 6 practically has no advantage.
The average value of the charge q
*/$
induced on
pick-up electrodes, for single, double and multi-gap
(3 gaps) RPCs, is shown in Fig. 15. In Fig. 15a and b
the gap width is "xed, at 2 or 3 mm, and g (that
means the operating voltage) is changed. Sq
*/$
T in
the case of double gap is about twice that of single
and multi-gaps, as already explained. As expected
by (10), at increasing operating voltage, Sq
*/$
T in-
creases roughly exponentially. In Fig. 15c the gap
width is changed, keeping constant and equal to 18
the ‘chamber gain factora G
#)
"gg. In this case
Sq
*/$
T increases roughly linearly as the gap in-
creases; this means that, to obtain the same operat-
ing regime with wider gap RPCs, G
#)
should
decrease. This is equivalent to say that the electric
"eld employed has to be lower and lower as the gap
width increases, an e!ect already clearly veri"ed
experimentally several times. The fact that, at con-
stant gg, the average induced charge increases with
the gap width is not surprising. This is due to two
e!ects: the "rst is the fact that the number of pri-
mary clusters depends linearly on the gap width.
The latter is that the "rst cluster (the one giving rise
to most of the induced charge) is created at an
average distance 1/j from the cathode. The ‘e!ec-
tive gapa available for multiplication, therefore, is
g!1/j. If the chamber gain factor is kept constant,
i.e. G
#)
"gg"K, then the ‘e!ectivea multiplica-
tion factor is
gAg!
1
jB"
K
gAg!
1
jB"K!
K
gj
(13)
which increases as the gap increases.
5. Conclusions
A model describing the basic processes taking
place in Resistive Plate Chambers operated in ava-
lanche mode has been developed. The model has
been used to reproduce the available experimental
data, and explains quite well most results, obtained
in many operating conditions and with many kinds
of chambers (single, double and multi-gaps) [5].
The agreement between the simulation and real
data is good.
The model can be used to choose among di!er-
ent RPC types, depending on the required perfor-
mance; for instance:
1. wide gap RPCs could be better than narrow
gaps for what concerns e$ciency; the opposite is
true for what concerns time resolution;
2. multi-gap RPCs do not show any signi"cant
improvement with respect to double gap RPCs.
Obviously, the simulation can be improved. It
would be easy to write down a list of physical e!ects
that have not been included, because they are negli-
gible in "rst approximation or just too di$cult to
be taken into account. Therefore a few consider-
ations about the validity range of this simulation
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are in order. In the present state, the simulation
does not include any space-charge e!ect, and so
only RPCs operated in the so-called ‘pure ava-
lanche modea are correctly described.
Single gap RPCs can be assumed to operate in
pure avalanche mode up to the knee of their e$-
ciency plateau. This means that the simulation can
predict:
1. position and slope of the e$ciency curves up to
&90%;
2. charge spectra up to the operating voltage corre-
sponding to this e$ciency value;
3. time properties (time resolution and time walk);
this can be done for operating voltages greater
than the ones considered in the preceding points,
since timing is given by the crossing of an elec-
tronic threshold, which takes place in the early
stage of avalanche development, when space-
charge e!ects are negligible.
For double and multi-gap RPCs, where each gap
can be operated at lower gain, these limits are
pessimistic (in particular the one regarding e$cien-
cy). Beyond these limits corrections must be
applied, anyway.
At the moment a great e!ort is being made to
include in the model some of the missing e!ects.
For instance, there is some experimental evidence
that space-charge e!ects could be responsible for
a change in the charge spectra shapes (for high
values of q
*/$
), as the operating voltage is increased
beyond the values characteristic of the ‘pure ava-
lanchea mode [11}15]. To take into account this
e!ect, a more re"ned calculation of the e!ective
electric "eld (i.e. the external "eld plus the "eld
generated by the electrons and the ions of the
avalanches) is needed and is in progress [16,17].
Other important items have already been
included, even if the corresponding results have not
been reported here; this is the case of the e!ects due
to possible deformations in the gas gap or due to
the spacers. Another, easy in principle to include
but di$cult from a computational point of view, is
the prediction of the number of strips "red per
event, i.e. the strip multiplicity.
However, by far the most interesting of these
problems, at the moment only partially investi-
gated, is the simulation of the dynamical behaviour
of RPCs, when the #ux of incident particles is not
negligible. In this situation a delicate balance be-
tween the process of electrode discharge (due to the
electron avalanche collection) and charging-up
(thanks to the external power supply) is present. In
this case some parameters which have not been
considered here, like resistivity, play a fundamental
role; the e!ect of resistivity on the rate capability is
currently under study. This is, in fact, a primary
issue for the future, since, at LHC, RPCs will oper-
ate in a high background environment and, in
general, a high detection rate will be required.
Appendix. Analytical charge spectra computation
As already pointed out in the text, a "rst insight
about the charge spectra shapes in RPCs can be
obtained by means of simple analytical calcu-
lations; although, di!erently from the full Monte-
Carlo simulation, certain approximations must
be done, this task is very instructive, because
highlights important general features of RPC
behaviour.
Neglect the #uctuations in the number of elec-
trons nj
0
contained in each cluster and in the gas
gain, assuming both to be constant and equal to
their average values. In this case, the charge
q
*/$
induced by the drift of the jth cluster toward the
anode is an analytical function of the initial cluster
position xj
0
. Associated with xj
0
there is its probabil-
ity distribution function (p.d.f.) Pj
p
(x), so the prob-
lem is reduced to compute the p.d.f. of an analytical
function of another p.d.f. This can be done applying
directly the results of probability theory (see, for
instance, [18]). The result is that the p.d.f. Pj
q*/$
(y) of
the q
*/$
induced by the jth cluster is given by
Pj
q*/$
(y)"R
j
B~jg
( j!1)!A
j
gB
j
KlogA
y
BBK
j~1
y(jg~1)
"R@
j KlogA
y
BBK
j~1
y(jg~1) (14)
where
B"q%Mn0*<8
gg
egg
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and R
j
and R@
j
"R
j
B~jg
(j!1)!
jgj are appropriate re-
normalization constants.
This distribution is valid up to
q
*/$
(max)"q%gg n0M*<8(exp gg!1), the maximum
achievable value for q
*/$
. In the case of j"1 (the
cluster generated closest to the cathode, which
gives rise to most of the induced charge) the above
formula reduces to
Pj/1
q*/$
(y)"R
1
j
g
B~jg y(jg~1)&R@
1
y(jg~1) (15)
where in the last expression the renormalization
constant has absorbed all not-interesting factors,
which are constant for a given operating voltage
and gas used.
The average charge induced by the "rst cluster
can be computed as the mean of formula (15):
Sq
*/$,j/1
T"
jg
jg#1
q
*/$
(max)
" jg
j
g
#1
q
%
gg
n
0
M*<
8
(egg!1). (16)
This expression (and similar for the other clusters)
was already derived in a di!erent way [9].
For the charge induced by the second and third
clusters, the following expressions result:
Pj/2
q*/$
(y)"!R
2A
j
gB
2
log
y
B
B~jg y(jg~1)
&R@
2
log yy(jg~1) (17)
Pj/3
q*/$
(y)&R
3
1
2A
j
gB
3
Alog
y
BB
2
y(jg~1). (18)
The p.d.f. of q
*/$
computed above are reported in
Fig. 16, superimposed to the distribution obtained
by a reduced version of the Monte Carlo, where the
same approximations made in the analytical calcu-
lations have been done. Two cases are considered:
a 2 mm (g"9 mm~1), and a 9 mm single gap RPC
(g"2 mm~1). The di!erence between the case of
j/g’1 and j/g(1 is evident. The 9 mm spectrum
is characterized by a higher maximum value of the
induced charge; this is due to the large value of the
factor *<
8
in a wide gap.
Fig. 16. Simulated induced charge spectra, for single 2 and
9 mm gap RPCs, taking into account only the contribution from
the "rst, the second or the third cluster.
The charge distribution due to the contribution
of all clusters is the convolution of Pj/1
q*/$
(y), Pj/2
q*/$
(y)
etc.; the related integral, however, is not analyti-
cally solvable, so the distribution must be derived
by means of numerical methods.
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